The main purpose of this study is to propose a novel back-EMF observer. It can drive a permanent magnet Brushless DC Motor (BLDCM) smoothly from slow to high speed without position or speed sensors. In the method, a phase back-EMF observer, which could estimate phase back-EMFs in real time and only relies on DC voltage and phase currents of motor without an additional circuit or complicated operation process，had been established with phase back-EMF as a disturbance signal. This observer simplifies the structure of traditional back-EMF observers and only has one inertia element, hence the response time and robustness of the system could be improved. This study also detailedly provides a method for speed and position detection, which has high performance in low speed range. The validity of the proposed method is verified through simulation and experimental results.
INTRODUCTION
BLDCM is widely used in various applications of electromechanical systems because of its high efficiency, high power density and good controllability over a wide range of speed and low maintenance cost due to the removal of the brushes (Wang et al., 2010; Bharatkar and Yanamshetti, 2010; Wang and Liu, 2008) .
A BLDCM requires an inverter and a rotor position sensor to perform commutation process. However, the position sensor presents several disadvantages in view of drive's cost, machine size, reliability and noise immunity. As a result, many sensorless drive solutions have been developed to eliminate the costly and fragile position sensor for BLDCM with trapezoidal backEMFs. Therefore, several main techniques of sensorless control of BLDCM have been extensively studied and can be categorized as followed:
Firstly, Stator Inductance Method (Yen-Shin, 2004; Xianxiang et al., 2009 ) is proven to be independent of rotor velocity in the whole speed range and be successful to detect rotor position at very low speed. But the inverter loss and the torque ripple in BLDCM are very serious, for H_PWM-L_PWM modulation is used in indirect inductance method. In order to overcome these shortcomings, it is necessary to combine this method with other control methods to realize the highefficiency operation without position sensor at both low speed and high speed.
Secondly, observer Method (Changliang et al., 2006; Kim and Sul, 1995; Furuhashi et al., 1990; Guan et al., 2005) can be used to real-timely estimate the rotor position and speed by sliding mode observer, Luenberger observer, fuzzy logic-based neural network observer or other state observers. In this method a detailed motor mathematical model is required. In addition, phase voltages have to be measured and A/D converters are required. In order to reduce the number of voltage transducers, voltages can be deduced from the inverter switching status and the measured dc-link voltage. But torque ripple, inaccuracy of angle and speed estimation at low speed and algorithm complexity are main problems.
Thirdly, detecting method of freewheeling diode (Tae-Sung, 2008; Ungurean et al., 2010 ) is a technique for detection of the conducting state of freewheeling diode in unexcited phase. It has simple synchronous process and perfect control characteristic at low speed. However, detecting precision of rotor position conspicuously degrades at high speed. In particular, additional isolated power has been needed to supply to a comparator for detecting the freewheeling current in this method.
Fourthly, Back-EMF Sensing Techniques include detection of the zero crossing of back-EMF (Zicheng et al., 2009 ) and back-EMF-based sensorless techniques (Ungurean et al., 2010; Zicheng et al., 2009) . Methods based on detection of the zero crossing of back-EMF are simple and various commercial ICs are available for BLDCM drive. However, they could not be applied to BLDCM operation if the commutation advance or the current decay in the freewheeling diodes is greater than 30 electrical angles, since the zero crossing of back-EMF cannot then be detected. In back-EMF-based sensorless techniques, most of the low-speed performance is limited. But the problem had been solved (Tae-Sung, 2008) , in which a line-to-line back-EMF observer is established through regarding line-to-line back-EMF as unknown input. It could realize the whole speed range control of BLDCM without using position sensor. However, there are two first-order inertia elements, which lead to prolonging of transition process and increasing pulsation of rotor speed and torque. In addition, a method of back-EMF sliding-mode observer for BLDCM which is exploiting the mathematical relationship between the speed and the back-EMF is proposed (H.Fakham et al, 2008) . A novel Variable Structure Control scheme of BLDCM is proposed (Changliang et al., 2005) , in which current fluctuation caused by current commutating is treated as a disturbance. Based on the above results, this study is proposed.
This study proposes a novel sensorless control method. In the method, a phase back-EMF observer，which could estimate phase back-EMFs in real time and only relies on DC voltage and phases current of motor without an additional circuit or complicated operation process，had been established with phase back-EMF as a disturbance signal. This observer simplifies the structure of traditional back-EMF observers and only has one inertia element, hence the response time and robustness of the system could be improved. In addition, this method shows the basic structural relationship between the change of phase current and phase back-EMF and provides reference for using other methods (such as PID, self-adaptive or artificial intelligence control) to realize phase back-EMF estimation. This study proposes a detection method of speed and position detailedly and the method has high performance at low speed range. The results of simulations and experiments show the validity of this algorithm for BLDCM control.
MODELLING OF BLDCM
The ordinary BLDCM applies three-phase VSI (voltage source inverter) for power supply and its stator winding is connected in star. Because the neutral point of BLDCM is not extracted, the phase voltage equation is difficult to be accurately constructed. The line-to-line voltage expressions could be obtained through corresponding subtraction of the three-phase phase voltages (Shao, 2006) : 
Supposing that phase A and phase C are conducted and phase B is not conducted, then e a +e c = 0. Because three stator windings of BLDCM are connected in star, i a +i b +i c = 0 and (2) could be simplified as:
i.e.,
Torque and motion equations are: 
where, T e = Electromagnetic torque Ω = Mechanical angular velocity
THE ESTABLISHMENT OF PHASE BACK-EMF OVSERVER
In (4), e b could be regarded as a disturbance signal with regular change and ଓ̂ could be estimated from (4). Since i b is measurable in fact, ଓ̂ could be used for comparison with i b to obtain erro ib , which could reflect the change of e b and erro ib = i b -ଓ̂. Hence，the following formula could be obtained after introducing erro ib in (6):
where, k 4 is gain coefficient. In (6), erro ib will be zero if ଓ̂ is equal to i b and then (6) will be same as (4), showing that estimated value and actual value of b e are equal. If ଓ̂ is not equal to i b , erro ib will reflect the change of e b . For establishing the relationship between erro ib , ଓ̂ and ݁̂, formula (7) 
where, k 5 and k 6 are gain coefficient and an accurate b e could be obtained through properly selecting k 5 and k 6 .
The back-EMF observer of phase B could be acquired as shown in Fig. 1 .
Similarly, the observer models of the other two phases could be obtained and the system observer model could be obtained eventually:
where, 
Adjusting the structure of (9) and letting: 
The following formula could be obtained:
The output formula is: (12) and (13), (14) and (15) can be concluded.
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Hence, the system is completely controllable, completely observable and stability and the observer is fully feasible.
HIGH-SPEED COMMUTATION METHOD
The back-EMF functions of BLDCM could be obtained according to its back-EMF's waveform shown in Fig. 2 and they are given in Table 1 . e sum could be obtained from Table 1 and e sum = e a +e b +e c .
The waveform of e sum is shown in Fig. 2 , which shows that the period of e sum is one third of that of phase back-EMF. There are six zero-crossing points in each three periods and they are in accordance with six zero- 
Interrupt service routine of commutation point detection at high speed crossing points of three-phase back-EMF in one period. In particular, the extreme point of e sum is the commutation point of BLDCM. At high speed, the commutation point could be determined through detection of the zero-crossing point and extreme point of e sum . Figure 3 shows the interrupt service routine of commutation point detection and Mode = 1, 2, 3, 4, 5, 0 are corresponding to respective communication mode. But at low speed, the amplitude of e sum is small and it is easy to cause unexpected commutation.
LOW-SPEED COMMUTATION METHOD
In order to solve the low-speed commutation problem of BLDCM, a novel commutation function for determining commutation points is provided in this study. The function can realize low-speed control of BLDCM perfectly. The commutation functions are: 
The working principle of the commutation function is shown in Fig. 4 . In Fig. 4a , CF 1 is negative when θ is in 0~π/2 and CF 1 decreases gradually. CF 1 decreases rapidly towards negative infinity when ê b -ê c approaches zero. Just after θ entering π/2~π, CF 1 turns from negative infinity to positive infinity immediately and (Fig. 4b ) and the commutation points of Mode 3 and Mode 0 could be obtained from CF 3 (Fig. 4c) . Because the range of data processed by microprocessor is limited, commutation points could be detected through setting proper threshold values. Figure 4d shows CF 1 under disturbance signal. Because the amplitude of noise a is smaller than v th2 , it could be filtered. The amplitude of the noise b exceeds v th2 , but it does not turns from negative to positive immediately, so it could also be filtered. The negative maximum value of noise c exceeds v th3 , but the positive maximum value of it does not exceeds v th2 , so it could also be filtered. The negative maximum value of the noise d exceeds v th3 and the positive maximum value exceeds v th2 , so the noise d is regarded as a commutation 
ROTOR SPEED AND TORQUE CONTROL AND POSITION TRACKING
At high speed, rotor speed and position could be determined through detecting ê sum , as shown in Table 2 . At low speed, for the amplitude of back-EMF is small, ߱ ෝ and ߠ could be obtained through determining the time interval between the commutation point and the sign changing point of ê sum and the displacement between them is π/6. The position relationship between the commutation point and ê sum is shown in Fig. 5 and the calculation method is given as followed: 
SIMULATION AND EXPERIMENTAL RESLUTS ANALYSIS
The control block diagram of BLDCM is shown in Fig. 6 and parameters of BLDCM are given in Table 3 . The Matlab/Simulink platform is used for system simulation, which includes three conditions (max(dn/dt) = 2000 rpm):
• If the given speed is 1000 rpm and a torque of 12Nm is suddenly added at 0.7s, simulation results are shown in Fig. 7 .
• If the given speed is 30 rpm and a torque of 12Nm is suddenly added at 0.3s, simulation results are shown in Fig. 8 .
In Fig. 7a and 8a, the period of ê sum is 1/3 of that of phase back-EMF and zero-crossing points of ê sum in each three cycles are the same as those of three-phase phase back-EMFs in one cycle. Figure 7b and 8b show that changing points of CF 1,2,3 from the negative infinity to the positive infinity are corresponding to commutation points at low speed, hence the problem of determining commutation moment at low speed could be properly solved. Figure 7c and 8c show the results of speed control and position tracking. Figure 7c shows that the actual speed is slower than the given speed before 0.6 second at high speed. n error reaches its maximum 0.1s before entering the steady state and then decreases quickly with a little overshoot. At low speed, since the given speed is relatively small, speed enters into steady state within 0.05s and the maximum speed error reaches 6 rpm in Fig. 8c . When the torque is suddenly added, the speed reduces nearly 3 rpm immediately and then enters into steady state as shown in Fig. 7c and 8c . Figure 7d and 8d show the system response for torque and it can be seen that the output torque could follow the change of reference torque. Res. J. Appl. Sci. Eng. Technol., 6(13): 2474 -2482 , 2013 2479 and ê sum CF 2 and CF 3 at low
The curves of given speed, estimated actual speed, speed error and estimated rotor position
The given torque curve and the estimated torque curve
The simulation results after adding a 12Nm torque at The given torque curve and the estimated torque curve results after suddenly adding a 12Nm t 0.3s under the given speed of 30 rpm If the initial given speed is 1000 rpm and a load torque of 12Nm is suddenly added at 0.7s, given rpm at 0.9s and a load 12Nm is suddenly added at 1.6s, the simulation results are shown in Fig. 9 . In Fig. 9a , the period of ê sum is 1/3 of th back-EMFs at both high speed and low points of ê sum in each three cycles are the same as th of the three-phase phase back-EMFs in one cycle. The figure also shows that the observer detects the phase back-EMF effectively. In Fig. 9b , changing CF 1,2,3 from the negative infinity to the positive infinity are corresponding to commutation points at low speed, which properly solves the problem of determining the commutation moment at low speed. The Fig. the results of speed control and position tracking. It is shown that the actual speed is slower than the given speed before 0.6 second in start-up process and reaches its maximum at 0.5s. Then the error decreases quickly with little overshoot and speed enters into steady state later. When the load torque is suddenly added a 0.7s, the speed reduces slightly and enters into steady state without error after transient adjustment. The given speed is suddenly reduced at 0.9s and the speed deviation is generated instantaneously. The speed keeps up with the given speed after an adjustment for 0.1s and reaches the given speed of 20 rpm at 1.5s overshoot. The minus torque is suddenly added at 1.6s and the speed reduces immediately. It enters into steady state without error after an adjustment for 0.1s. shows the system response for the torque and it can be seen that the output torque could follow the reference torque perfectly.
The system experimental platform dsPIC6010A as CPU is established based on the above mentioned method and is shown in Fig. working principle is shown in Fig. 6 ( 2000 rpm). Motor parameters are given experimental results are shown in Fig. 1 11 and 12 show estimated speed, speed error position, estimated output torque, estimated waveforms for ê a and ê sum , waveform comparison of and CF 2 under the given load torque of 2Nm and given speed of 1000 rpm and 30 rpm respectively. Figure 1 shows that if the given speed is high, there is an electrical angle lag of 6°~7° between commutation point estimation signal and Hall signal in start With the fast increasing of the speed, the lag decreases and the lag is almost disappeared at 0.28s. In Fig. 1 for the given speed is slow, the system enters into steady state in less than 0.1s. Just after it enters into state, there is an electrical angle lag of about 2° between corresponding commutation point estimation signal and Hall signal. But later they are almost synchronous. The reason of lag is that the speed changes quickly and there is first-order inertia link and integrator in back observer. This lag also causes the pulsation of torque and the lag of speed response and further affects estimated accuracy of rotor position. general the proposed control method shows good dynamic responses over whole speed range operation is 1/3 of that of phase speed and low speed and zero three cycles are the same as those in one cycle. The figure also shows that the observer detects the phase changing points of the positive infinity are corresponding to commutation points at low speed, which properly solves the problem of determining the commutation moment at low speed. The Fig. 9c shows the results of speed control and position tracking. It is ual speed is slower than the given up process and n error reaches its maximum at 0.5s. Then the error decreases enters into steady . When the load torque is suddenly added at 0.7s, the speed reduces slightly and enters into steady adjustment. The given speed is suddenly reduced at 0.9s and the speed deviation is generated instantaneously. The speed keeps ustment for 0.1s and rpm at 1.5s after a little torque is suddenly added at 1.6s and the speed reduces immediately. It enters into steady state without error after an adjustment for 0.1s. 9(d) stem response for the torque and it can be seen that the output torque could follow the change of The system experimental platform using dsPIC6010A as CPU is established based on the aboveand is shown in Fig. 10 . The system 6 (max (dn/dt) = given in Table 3 and experimental results are shown in Fig. 11 and 12 . Figure  speed error, estimated estimated waveforms waveform comparison of Hall a , ê a , CF 1 under the given load torque of 2Nm and given rpm respectively. Figure 12f shows that if the given speed is high, there is an ical angle lag of 6°~7° between commutation point estimation signal and Hall signal in start-up process. With the fast increasing of the speed, the lag decreases and the lag is almost disappeared at 0.28s. In Fig. 12(f) , stem enters into steady state in less than 0.1s. Just after it enters into steady state, there is an electrical angle lag of about 2° between corresponding commutation point estimation signal and Hall signal. But later they are almost synchronous. The the speed changes quickly and there and integrator in back-EMF observer. This lag also causes the pulsation of torque and the lag of speed response and further affects of rotor position. However, in the proposed control method shows good dynamic responses over whole speed range operation. The maximum changing rate ( rpm) of speed is limited for hardware consideration and the phase lag is relatively large shortly after start up. Compared with (Furuhashi et al., 1990 only one inertia link, hence, its transition process is significantly faster and there is not any static error for steady state at both low speed range and high speed range, which show the effectiveness of the method.
CONCLUSION
A novel detection method for the phase ba of BLDCM is proposed in this study The maximum changing rate (max (dn/dt) = 2000 ) of speed is limited for hardware consideration and the phase lag is relatively large shortly after start up. 1990), the system has link, hence, its transition process is significantly faster and there is not any static error for steady state at both low speed range and high speed range, which show the effectiveness of the method.
detection method for the phase back-EMF M is proposed in this study and this algorithm e a e sum carries out the estimation through regarding phase back-EMF as disturbance signal. Simulation and experimental results show that this algorithm could effectively estimate the phase back-EMF and carry out commutation precisely. Advantages of this algorithm are: additional detection circuits could be avoided; precise commutation could be carried out both in steady state and transient state; the motor speed could be precisely controlled in full range; the position tracking and torque control of the BLDCM could be achieved, especially in large rated torque motor. 
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